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J. Heckenkamp,1* K. Lieder,1 E. Lang,1 M. Aleksic,1 M.S. Bendel,2 M. Gawenda,1
J.W.U. Fries3 and J.S. Brunkwall11Division of Vascular Surgery, Department of Vascular and Visceral Surgery, 2Department of Radiation
Therapy, and 3Institute of Pathology, University of Cologne, Cologne, GermanyObjectives. The aim of this study was to investigate if radiation therapy (RT) favorably modulates wound healing at vein
graft anastomoses.
Materials and methods. Jugular vein grafts were sewn into carotid arteries in 32 rats which were randomly divided into
two groups: RT (gamma source, 14 Gray, nZ16) and control (C, sham irradiation, nZ16). Grafts and adjacent arteries
were analyzed at 2 (nZ8) and 8 weeks (nZ8) by histology, immunohistochemistry, and morphometry.
Results. Although, RT did not reduce the overall occurrence of intimal hyperplasia, the distribution differed. RT led to a
reduction of intimal hyperplasia in arterial segments (median: C: 41.873 mm2; RT: 6.452 mm2, p!0.0007). In contrast, RT
augmented intimal hyperplasia in vein grafts (median: C: 30.287 mm2; RT: 90.455 mm2, p!0.014). Vein graft diameters
after RTwere enlarged (median: C: 2.098 mm; RT: 3.381, p!0.031). Over 80% of the cells were of mesenchymal origin in
both groups.
Conclusions. RT reduced intimal hyperplasia in arterial segments. However, RT led to graft dilatation and increased
intimal hyperplasia in vein grafts. RT did not favorably modulate the vascular wound healing response in this model.Keywords: Vein graft failure; Anastomotic intimal hyperplasia; Gamma irradiation.Introduction
Autologous vein grafts are still commonly accepted as
the best available conduit for small- and medium-
artery peripheral bypass grafts. Nevertheless, this
conduit is not ideal and long-term success rates are
limited primarily due to intimal hyperplasia and
remodeling processes. Therefore, the development of
therapeutical strategies to reduce vein graft failure
continues to receive much attention.
Radiation therapy has been shown to limit the
development of coronary restenosis after balloon
angioplasty and stenting in large randomized clinical
trials.1,2 In addition, ionizing irradiation showed
promising clinical results limiting restenosis after
angioplasty in the femoropopliteal arterial segment3ing author. Joerg Heckenkamp, MD, Division of
gery, University of Cologne, Joseph-Stelzmann-Str. 9,
n, Germany.
: joerg.heckenkamp@uk-koeln.de
0463+ 07 $35.00/0 q 2005 Elsevier Ltd. All rights reserand also in stenotic arterialized vein grafts.4 Radiation
therapy was also successfully applied to alloplastic
arteriovenous fistulas to limit intimal hyperplasia
especially at the site of the venous anastomosis.5
The underlying mechanisms by which ionizing
irradiation limits restenosis are not fully under-
stood, but reduction of cellular proliferation seems
to be one important factor.6,7 In addition, ionizing
irradiation has been shown to limit cellular
migration and reduce the functional activity of
growth factors that play an important role in the
development of restenosis.8
Since, the vascular wound healing response in
arteries and vein grafts share similarities, ionizing
irradiation may also prevent intimal hyperplasia at
vein graft anastomoses resulting in increased long-
term patency. The present in vivo study was designed
to elucidate the effect of ionizing irradiation at a
clinical relevant dose on various parameters contri-
buting to neointimal development at vein interposi-
tion graft anastomoses.Eur J Vasc Endovasc Surg 29, 463–469 (2005)
doi:10.1016/j.ejvs.2005.01.011, available online at http://www.sciencedirect.com onved.
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Thirty-two adult male Sprague–Dawley rats weighing
360–400 g were obtained from Charles River Labora-
tories (Charles River, Germany). All procedures were
approved by an independent institutional animal care
committee. Animal care complied with the Principles
of Laboratory Animal Care and the Guide for the Care
and Use of Laboratory Animals (NIH Publication No.
80-23, revised 1985). The animals were anesthetized
with intramuscular ketamine (75 mg/kg), xylazine
(7 mg/kg), and atropine (40 mg/kg). A midline neck
incision was performed and the distal segment of the
left jugular vein was carefully transected, rinsed, and
immersed in physiologic saline solution. Subsequently
the left common carotid artery was transected and
cross-clamped. A portion of the carotid artery was
resected before replacement with a 5 mm-long
reversed vein interposition graft. The anastomoses
were performed in an end-to-end technique with
interrupted 10–0 nylon sutures (Ethicon, Germany)
using standard microsurgical technique as previously
described (Fig. 1).9,10Gamma irradiation
The rats were allocated to two radiation therapy
groups (RT groups, 2 and 8 weeks, nZ8 per time-
point) and 2 control groups (C groups, 2 and 8 weeks,
nZ8 per time-point). The RT animals were irradiated
with 14 Gray directly after implantation of the bypass
graft, C animals were not irradiated. Vein grafts
including 5 mm of the adjacent artery proximally
and distally were irradiated. A single dose gamma
irradiation was applied using a 5 MeV linear accel-
erator (Elektra, Germany) including the adjacent
artery. The dose of 14 Gray was used according toFig. 1. Schematic of the rat vein graft model used. The jugular
vein was harvested, reversed, and sutured to the cervical
common carotid artery using interrupted sutures as an
interposition graft. The graft is marked with an arrow.
Eur J Vasc Endovasc Surg Vol 29, May 2005prior studies in different small animal models and
comparability with clinical relevant doses.11,12 In a
pilot study a lower dose (10 Gray) did not prevent
intimal hyperplasia in arterial segments, a higher dose
(20 Gray) was not tolerated by the animals (data not
shown).Harvest
Animals were sacrificed after 2 or 8 weeks to
investigate the short- and mid-term response to
gamma irradiation.13 The carotid artery including the
vein graft was flushed with saline and the graft
transected. Four millimeter sections were obtained
from the anastomoses comprising the suture line,
2 mm of the adjacent artery and 2 mm of the graft. The
specimens were embedded in Tissue-Teke 4583
(OCPe Compound, Sakura Finetek Europe B.V.,
Netherlands) and snap-frozen in liquid nitrogen.
Multiple 6-mm thick longitudinal sections were
obtained in the mid-portion of the grafts. The
contralateral carotid artery and jugular vein were
also harvested and processed in the same matter for
control purposes.Histomorphometry
The analyses of the anastomoses stained with hema-
toxylin and eosin and van Gieson stain comprised
both a descriptive histological and quantitative mor-
phometric evaluation. The morphometric analyses of
the specimens were performed using a digital system
and the Axio Vision software (Axio Visione 6.0, Carl
Zeiss AG, Germany). Neointimal area and vessel
diameter were measured and calculated for the entire
anastomoses and arterial and venous segments separ-
ately as previously described.14,15 Fig. 2 shows the
parameters used for morphometric analyses. The
mean value of the proximal and distal anastomosis
per animal was used for statistical analyses. In
addition, adventitial cells were counted manually in
a blinded fashion andwere expressed as the number of
cells per high-power microscopic field (400!). Three
random fields per specimen were counted and the
mean number used for quantitative measurements.Immunohistochemistry
To identify cells of mesenchymal origin, specimens
were incubated with a monoclonal anti-vimentin
antibody (clone: V9, Biozol GmbH, Germany). The
immunohistochemistry was performed using the
Fig. 2. Schematic of vessel morphometry. The area of intimal
hyperplasia was assessed at the site of the anastomoses and
also separately at the arterial and venous segment of the
anastomoses.
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(Vectastain ABC Kit, Vector, Germany).16,17 Specificity
and sensitivity of the immunohistochemical staining
were tested with known positive controls (normal
carotid arteries), and negative controls in which the
primary antibody was omitted from the first incu-
bation. Hematoxylin was used as a counterstain.Statistical analyses
All data are expressed as the median and illustrated
using Box&Whisker Plots (median, interquartile
range, minimal value, maximal value). Differences
between the experimental and the control group at
each time point were analyzed with t-test for inde-
pendent variables using a commercially available
statistics software package (Statistica 5.0, Statsoft,
USA). Differences were considered significant at the
p!0.05 level.Fig. 3. Representative light micrographs of rat vein inter-
position graft anastomoses stained with hematoxylin and
eosin 8 weeks after implantation, untreated (a) or irradiated
with 14 Gy (b). The internal elastic lamina (arrow) of the
artery is noted with an arrow. In irradiated anastomoses (b),
less intimal hyperplasia was noted at the arterial segment
(left), but increased intimal hyperplasia was noted at the
venous segment (right). The scale bar equals 20 mm.Results
At the time of harvest, all animals appeared healthy
and had no evidence of weight loss or wound
infection. In control groups, 5 (2 weeks) and 4 (8
weeks) vein grafts were patent. In RT groups, 5 (2
weeks) and 6 (8 weeks) vein grafts were patent.
Occluded grafts did not undergo further morpho-
metric evaluation. The direction of blood flow had no
measurable influence on the wound healing response
in this model.Histomorphometry
The native jugular vein was a thin-walled vessel
consisting of endothelial cells with a basement
membrane, an internal elastic lamina and a media
composed of a monolayer of smooth muscle cells and
extracellular matrix. The adventitia comprised loose
connective tissue interspersed with fibroblasts. The
native carotid artery was a more stable vessel with a
thicker media, which consisted of 3–4 layers of smooth
muscle cells and extracellular matrix laminae.
In the control groups, the arterial segments devel-
oped intimal hyperplasia as expected but kept their
typical histomorphological architecture with several
medial laminae, interspersed with cells (Figs. 3(a) and
4(a)). The arterial adventitia in the control groups
comprised loose connective tissue interspersed with
cells. In the RT groups, the development of arterial
intimal hyperplasia was significantly less (Figs. 3(b)
and 4(b)). The histomorphological structure in the
arterial segments did not change. Medial cells and
matrix laminae were intact, adventitial tissue also
showed no differences to control specimens. No grossEur J Vasc Endovasc Surg Vol 29, May 2005
Fig. 4. Representative light micrographs of rat vein inter-
position graft anastomoses stained with van Gieson elastic
stain 8 weeks after implantation, untreated (a) or irradiated
with 14 Gy (b). The internal elastic lamina (arrow) of the
artery is noted with an arrow. In irradiated anastomoses (b),
less intimal hyperplasia was noted at the arterial segment
(left), but increased intimal hyperplasia and graft dilatation
was noted at the venous segment (right). The elastic
structure of untreated and irradiated arterial segments did
not differ significantly. The scale bar equals 30 mm.
J. Heckenkamp et al.466inflammatory reaction was noted in any group by
means of light microscopy.
In contrast to the arterial segments, intimal hyper-
plasia developed in the venous segments of both
control and RT groups (Figs. 3 and 4). The architecture
of the veins changed significantly after implanting
grafts into the arterial circulation. The graft arterializa-
tion process led to loss of the original histomorpholo-
gical structure in both groups. Differentiation of the
media and intima was impossible (Figs. 3 and 4). There
was evidence of more progressive intimal thickening
and graft dilatation 8 weeks after RT in comparison to
the control groups (Figs. 3(b) and 4(b)). There were no
major differences in the cellularity and matrix struc-
ture between control and RT vein grafts at 8 weeks.
At 2 and 8 weeks, no significant differences in the
overall amount of anastomotic (including the arterial
and venous segment) intimal hyperplasia were
detected (Fig. 5). However, the distribution of intimal
hyperplasia differed significantly between RT and C
groups at 8 weeks. RT led to a significant reduction of
intimal hyperplasia in arterial segments at 8 weeks (C:Eur J Vasc Endovasc Surg Vol 29, May 200541.873 mm2; RT: 6.452 mm2, p!0.0007, Fig. 6). In
contrast, RT led to significantly more pronounced
intimal hyperplasia in vein graft segments at 8 weeks
(C: 30.287 mm2; RT: 90.545 mm2, p!0.014, Fig. 7). Vein
graft diameters in the RT group were significantly
larger after 8 weeks (C: 2.098 mm; RT: 3.381 mm, p!
0.031, Fig. 8) and, therefore, despite the increased
intimal hyperplasia no significant difference in lumi-
nal diameter occurred (C: 1.331 mm; RT: 1.470 mm, Fig.
9). As expected, due to the anti-proliferative effect of
gamma irradiation, adventitial cell numbers per
microscopic field were significantly lower 2 weeks
after RT (C: 54; RT: 17, p!0.0001). However, no
statistical significant difference was found after 8
weeks.Immunohistochemistry
Vimentin is an intermediate filament present in cells of
mesenchymal origin such as myofibroblasts, fibro-
blasts, and also smooth muscle cells.18 Immunostain-
ing of the specimens revealed that cells of
mesenchymal origin but not inflammatory cells were
the predominant cell type (Fig. 10). There were no
major differences at 2 and 8 weeks between the
patterns of cells in C and RT groups. Between 79 and
89% of adventitial cells were red coloured. Red stained
cells were defined as vimentin positive cells. This
difference did not reach statistical significance.Discussion
In this study, adjuvant radiation therapy failed to
reduce the overall amount of anastomotic intimal
hyperplasia in a rat vein interposition graft model. The
rat model has been used in this study because the
development of intimal hyperplasia at vein grafts in
rats has been well studied.9,10 Previous studies have
also outlined the radiation doses and wound healing
typical for this model.15,19,20 However, as with all
animal models, one should exercise caution when
extrapolating these data to humans.
Since, radiation therapy is successfully adminis-
tered in injured arteries, this study was designed to
elucidate the therapeutic value of adjuvant gamma
irradiation to prevent anastomotic intimal hyperplasia
in vein grafts. Although, the overall amount of intimal
hyperplasia at vein interposition graft anastomoses
was not reduced in this study, gamma irradiation led
to a significant reduction of intimal hyperplasia in
arterial segments of the anastomoses, as has been
previously reported.3,21 The underlying mechanisms
Fig. 5. Area of intimal hyperplasia at the anastomoses. Data
are expressed as median, interquartile range, and minimal
and maximal value. No significant difference in the overall
amount of intimal hyperplasia was noted at 2 and 8 weeks.
Fig. 7. Area of intimal hyperplasia at venous segments of the
anastomoses. Data are expressed as median, interquartile
range, and minimal and maximal value. Intimal hyperplasia
was significantly lower in untreated venous segments after 8
weeks. * Denotes p%0.014 untreated venous segments vs.
irradiated venous segments after 8 weeks. No significant
difference was noted after 2 weeks.
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are not fully elucidated, but the anti-proliferative effect
of radiation therapy on vascular wall cells seems to be
one major factor.6 This effect might be temporal due to
reduced adventitial cell numbers in irradiated speci-
mens 2 weeks but not 8 weeks after treatment.
In contrast to the positive effect on the arterial
segments, gamma irradiation led to an increased
amount of intimal hyperplasia in the venous segments
of this vein graft model. Although a different
experimental setting with ex vivo irradiation of native
vein grafts was used, it has been recently shown, that
prophylactic gamma irradiation of vein grafts in pigs
also failed to prevent vein graft stenosis.22 One
important reason might be the different ultrastructure
of native veins, compared to arteries. However, this
issue has not been specifically investigated yet.
In this study, gamma irradiation led to vein graftFig. 6. Area of intimal hyperplasia at arterial segments of the
anastomoses. Data are expressed as median, interquartile
range, and minimal and maximal value. Intimal hyperplasia
was significantly lower in irradiated arterial segments after 8
weeks. * Denotes p%0.0007 untreated arterial segments vs.
irradiated arterial segments after 8 weeks. No significant
difference was noted after 2 weeks.dilatation, which alters hemodynamic forces, that are
important in the development of intimal hyperpla-
sia.23 In areas of lower shear stress, which occurs at the
dilated venous site of the anastomoses, augmented
intimal hyperplasia has been described.24,25 Of note,
the anastomoses in our model are of the end-to-end
type not usually employed in human surgery.
Cell populations in the vascular wall are thought to
be growth arrested after gamma irradiation.6 There-
fore, the source of the cells inducing intimal hyper-
plasia is unlikely to be the vein graft itself and more
likely the periadventitial tissue. This hypothesis is
supported by the finding, that the vein graft is
populated with cells of mainly mesenchymal origin.
These cells are less affected by gamma irradiation andFig. 8.Diameter of grafts as delineated by the external elastic
lamina. Data are expressed as median, interquartile range,
and minimal and maximal value. Graft diameter was
significantly enlarged in irradiated grafts after 8 weeks.
* Denotes p%0.031 untreated grafts vs. irradiated grafts after
8 weeks. No significant difference was noted after 2 weeks.
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Fig. 9. Diameter of grafts as delineated by the lumen. Data
are expressed as median, interquartile range, and minimal
and maximal value. The luminal diameter did not differ
between groups at both time points.
J. Heckenkamp et al.468could compensate for the growth arrested cellular
population in the vein graft. This finding would
strongly support the role of periadventitial cells in
the development of intimal hyperplasia.26,27
In conclusion, prophylactic gamma irradiation of
vein grafts failed to favorably modulate the vascular
wound healing at experimental vein graft anasto-
moses. Gamma irradiation has its therapeutic value in
the limitation of restenosis in arteries but probably not
as an adjuvant approach in unaffected vein grafts.Fig. 10. Representative light micrograph of a rat vein
interposition graft 8 weeks after implantation irradiated
with 14 Gy. Immunostaining with vimentin-antibody and
counterstaining. Red cells are positive for vimentin indicat-
ing the mesenchymal origin. Bar represents 10 mm.
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